1. Introduction {#s0005}
===============

Honey bee queen is important because, many of desirable traits of a colony such as productivity, gentleness and disease resistance are governed by the nature of the queen ([@b0175], [@b0185], [@b0245], [@b0220]). As a result, honey bee queen rearing is one of the important parts of beekeeping to re-queen colonies, to enhance brood and honey production, and to improve their genetic characteristics ([@b0185], [@b0190], [@b0030], [@b0180]), which indicate the importance of rearing of queens.

Not only the numbers of reared queens are important but also the qualities of reared queens are very necessary. Hence, it is becoming essential to evaluate the reproductive biology and morphological characteristics of queens. The productivity of a honeybee queen depends on some of its characters such as: weight at emergency, number of ovarioles and size of spermathecae ([@b0275], [@b0265], [@b0155], [@b0195]). Moreover, weight of virgin queen and diameter of spermatheca were considered as important quality parameter of a queen and also noted the presence of significant correlations between the two variables ([@b0160]).

Since the mating frequency of honey bee queens is highly variable (up to 21 drones during its nuptial flight) ([@b0080]), it can store variable sperm volumes to be used randomly in egg fertilization ([@b0110], [@b0045]). In this regard, mating quality in terms of stored sperm counts suggested as an important gauge for evaluating reproductive potential or quality of a queen ([@b0070]). Moreover, [@b0105] considered the volume of spermatheca and number of spermatozoa per spermatheca as important reproductive quality parameters and they found significant positive correlations between the two characters.

Several authors ([@b0085], [@b0065], [@b0125], [@b0100], [@b0075], [@b0160]) also indicated that morphological characters such as wet or dry weight, thorax width, head width, and wing lengths are standard morphological measures and are significantly correlated with queen reproductive success or fecundity ([@b0270], [@b0200]). Generally, high live weight, high number of ovarioles, large size of spermatheca and high number of spermatozoa in spermathecae have been considered as important quality parameters of a queen ([@b0130]). Recently, body weight, number of ovarioles, size of spermatheca, and number of spermatozoa have been considered as standardized queen quality parameters ([@b0035], [@b0140]).

Honey bee queen performance is reported to depend not only on quantity but also quality of sperm and this also known to be linked to colony performance ([@b0205]). [@b0205] reported the presence of high variations in average viability of stored sperm 92% and 55% for good and failing colonies, respectively. It is well known that the performance of a honey bee colony is not only depends on the quality of the queen but also on the quality of drones that would mate with the queen ([@b0130]). So, it is becoming essential to analyze the quality of drone and its semen. Many authors showed the presence of links between physical characteristics of queens and the performance of colonies such as brood rearing, honey production, colony weight and survival rate of the queens ([@b0120], [@b0040], [@b0055], [@b0210], [@b0230], [@b0255]).

Study on reproductive and morphometric characteristics of *A. m. jemenitica* queen is very limited except that of [@b0015], who studied the *A. m. jemenitica* virgin queen characters in comparison to *A. m. carnica.* However, this particular study was aimed at characterizing *A. m. jemenitica's* queens and drones related to their reproductive and morphological parameters. Hence in this study, we considered both the virgin and mated queens\' anatomical and physiological parameters such as: fresh weight of virgin and mated queens, size & weight of spermathecae, number of ovarioles; numbers and viability of stored semen in spermathecae. Moreover, we assessed the size and weight of drones and numbers and viability of sperms in matured drones.

2. Materials and methods {#s0010}
========================

For this study, the native *A. m. jemenitica* colonies in their natural homeland (Arabian Peninsula) with no introgression with other races were taken.

2.1. Reproductive biology and morphological characteristics of virgin queens {#s0015}
----------------------------------------------------------------------------

For the determination of morphological characteristics of virgin queen; first, several queens were reared under queen less colony conditions following the standard queen rearing techniques ([@b0025]). From the reared queens, sixty virgin queens were randomly taken and some important morphological characteristics such as: fresh weight, size of right forewing, dimension of thorax, length of abdomen, width of the third abdominal segment tergite, number of ovarioles and size of spermatheca were measured following [@b0035], [@b0050], [@b0140] protocols.

In body weight determination, the selected queens were anesthetized with CO~2~ and when the queens become immobilized their fresh weight was measured with sensitive electronic balance (Kern ABS, Kern & Sohn GmbH, Germany) with a precision of 0.0001 mg sensitivity. In determining the length and width of the right forewing; and the length, width and height of the thorax; width of the third abdominal segment tergite and length of the abdomen at a relaxed position, a digital caliper (Vogel vernier caliper, Vogel, Germany) with accuracy of 0.01 mm was used following the protocols of [@b0215].

Moreover, to determine the size of spermatheca and numbers of ovarioles, 60 sampled virgin queens were dissected following [@b0225], [@b0050] protocols. Then, the spermathecae and ovarioles were carefully removed and kept in saline buffer solution. After that, the diameter of spermatheca was measured using dissecting microscope with ocular micrometer. And the numbers of ovarioles were determined by carefully counting each ovarioles under dissecting microscope.

2.2. Reproductive biology and morphological characteristics of mated queens {#s0020}
---------------------------------------------------------------------------

### 2.2.1. Introduction of virgin queens in to mating nuclei colonies for natural mating {#s0025}

To determine the characteristics of mated queens, sixty caged virgin queens were introduced in to mating nuclei colonies for mating purpose as described by [@b0050]. The mating nuclei colonies were placed near to the drone source colonies. For this purpose, eight drone rearing colonies were prepared and strengthened well and finally induced to rear drones about one month prior to the scheduled queen mating time according to [@b0260]. Mating yard was located in undulated area where enough pollen source plants exist. In addition, sufficient supplementary sugar was fed continuously in a candy form. To prevent any genetic introgression from other honeybee lineages or colonies, absence of nearby apiaries was insured for at least 2 km distance ([@b0135]).

### 2.2.2. Investigation of the reproductive biology of mated queens {#s0030}

For mated queens' reproductive biology parameters determination, out of 60 introduced virgin queens; a total of 30 successfully mated queens were used. Before measuring the parameters, the mating success of the queens was verified based on the presence of different stages of normal brood in the nuclei colonies led by the respective queens.

### 2.2.3. Queen weight {#s0035}

For weight determination 30 mated queens were anesthetized with CO~2~ and weighed (mg) using an analytical balance with precision of (0.0001 mg) (Kern ABS, Kern & Sohn GmbH, Germany). The same queens were used for investigation of other parameters.

### 2.2.4. Number of ovarioles {#s0040}

For the determination of ovarioles numbers; 30 mated queens were sacrificed and dissected immediately after killing using ethanol. The dissected queens were also used to study the weight of ovary and number of ovarioles, size of spermathecae, and number and viability of stored semen. Dissection was done according to Buchler *et al.* (2013) protocols. To detach the paired oviducts and ovaries, first, the abdominal sternum was removed up to the second segment. Then, the spermathecae and other glands become visible and the spermathecae were easily removed and transferred in to a saline solution.

### 2.2.5. Size and weight of spermathecae {#s0045}

First, the spermathecae were weighed immediately after dissection (wet weight) using precision balance (0.0001 mg) (Kern ABS, Kern & Sohn GmbH, Germany) according to [@b0035]. Then the dimensions of the spermathecae were measured using an eye-piece ocular micrometer (Nikon SMZ1500, Nikon, Japan). "The two cross diameters of spermathecae were measured and averaged to get the diameter of the spermatheca.

### 2.2.6. Weight of ovaries {#s0050}

The wet weight of the right ovary of the mated queens were weighed immediately after dissection using precision balance (0.0001 mg) (Kern ABS, Kern & Sohn GmbH, Germany) following [@b0035] protocol.

### 2.2.7. Number of ovarioles {#s0055}

The numbers of ovarioles was determined by immediately transferring the ovaries into saline solution. Then, the right ovary was separated and mounted by a drop of Xylene for 4 min on a microscopic slide to make the ovarioles clear and visible ([@b0280], [@b0005]). To make the counting easier and clear, Puri\'s media was used according to [@b0145]. The Puri's media was composed of 10 ml distilled water, 5 ml glycerin, 3 ml glacial acetic acid, 7 gm chloral hydrate, and 8 gm Arabic gum. We add a drop of this media on the ovary and we left it only for about 4 min to avoid the damage of the tissues by the media, and washed with warm water 3 times. After that, each ovariole become visible and were counted easily by dividing it into small portions under binuclear microscope following [@b0005] protocol.

### 2.2.8. Stored semen quantity and viability determination {#s0060}

The stored sperm quantity and viability of the mated queens were determined following [@b0050], [@b0140] protocols.

2.3. Drone size and weight: {#s0065}
---------------------------

To determine the average weight and size of *A. m. jemenitica* drones, 30 drones from each of eight drone mother colonies (total: 240) were investigated. The drone weight was simply determined using electronic balance with precision of (0.0001 mg) (Kern ABS, Kern & Sohn GmbH, Germany) after the drone being immobilized using a smooth flush of carbon dioxide. The same sample was used to assess the size of the drone by volumetric procedure ([@b0050]). First, the drones were immobilized and then placed in 2 ml graduated glass tube and the tube was filled with water. The size of the drone was obtained by subtracting the volume of water displaced by the drone from the total volume of the water.

2.4. Collection and determination of number and viability of drones' semen {#s0070}
--------------------------------------------------------------------------

Drone semen was collected from 40 days old drones and their age was determined according to [@b0140] procedure. For this, from each drone producing colony 20 drones a total: 160 were tested. After eversion of endophallus, the semen was collected using glass syringe as described by [@b0050]. Semen was then loaded on hemocytometer on which a cover slip was placed. Capillary action was used to fill each chamber (the space between the cover slip and slide) with solution. Then it was examined under 250x magnification. The counting was started on the gridded section after the sperm have settled (∼20 s). Count of sperms was calculated as described in details by [@b0050]. Finally, the viability of sperms was evaluated using dual fluorescent staining (SYBR-14 with propidium iodide (PI)) as described in [@b0060].

3. Results {#s0075}
==========

3.1. Reproductive biology and morphological characteristics of virgin queens {#s0080}
----------------------------------------------------------------------------

The average fresh weight of *A. m. jemenitica* virgin queens (at emergence) was 0.136 ± 0.01 g (*N* = 70) and 0.141 ± 0.01 g (*N* = 70) for queens reared under queen-right and queen-less conditions respectively and the variation between the techniques was significant at P \< 0.05. The numbers of ovarioles recorded for *A. m. jemenitica* virgin queens were varied from 124 to 163 with the mean of 142.9 ± 9.47 (*N* = 60). Moreover, the average size of spermathecae of virgin queens was 1.248 ± 0.103 mm.

The length of abdomens and the widths of the 3rd abdominal tergite segments of virgin queens were 8.99 ± 0.43 mm and 3.27 ± 0.24 mm respectively. The average dimension of verging queens head capsule was 3.51 ± 0.23 mm which is slightly bigger than values (2.34 ± 0.01 mm) reported for the same race by [@b0015]. The length and width of the right forewing obtained in the current study were 9.361 ± 0.41 mm and 3.217 ± 0.20 mm respectively. Some of the important morphometric values of *A.m. jemenitica* virgin queens are shown in [Table 1](#t0005){ref-type="table"}.Table 1Summary of some of the morphometric values of *A. m. jemenitica* virgin queens.ParametersNMeanSTDMinMaxWeight (gm)600.1410.0130.1080.167Width of the head (mm)603.5090.2253.114.01Length of right forewing (mm)609.3610.4138.3810.5Width of right forewing (mm)603.2170.2022.674.08Length of abdomen (mm)608.9890.4278.5110.59Height of thorax (mm)604.2260.1863.774.97Length of thorax (mm)604.3410.2183.634.89Width of thorax (mm)604.1010.1513.724.47Width of the 3rd abdominal tergite segment (mm)603.2700.2372.793.9

3.2. Reproductive biology and morphological characteristics of mated queen {#s0085}
--------------------------------------------------------------------------

The average weight of mated queens reared during this study was 0.143 ± 0.013 g with range of 0.119--0.169 g. The average size of mated queens spermathecae was 1.25 ± 0.022 mm with range of 1.22--1.28 mm. The mean numbers of stored sperm per spermatheca of mated queen was 4.202 ± 0.613 million with range of 2.63--4.89 million. The average viability of stored sperm of mated queen recorded in this study was 80.39%.

The average weight of the right ovary of mated queens was 0.013 ± 0.003 g with rang of 0.007--0.017 g. The number of mated queen ovarioles was 142.8 ± 5.67 with range of 134--154. Moreover, the average weight of spermatheca was 0.0007 ± 8E^-05^ with range of 0.0006--0.0008.

3.3. Morphometric and reproductive characteristics of drone {#s0090}
-----------------------------------------------------------

The average weight of drones was 0.16 ± 0.02 g while the average volume of drone was 0.26 ± 0.06 ml^3^ and the correlation between the two variables was very significant P \< 0.0001. The average number of sperm per drone recorded in this study was (8.80 ± 1.60) × 10^6^. The average viability of the semen in drone was 79.54 ± 6.70% and there was no significant correlation between number of semen and their viability status.

4. Discussion {#s0095}
=============

4.1. Morphological and reproductive characteristics of virgin queens {#s0100}
--------------------------------------------------------------------

The average fresh weight value of virgin queens obtained in this study was closer to value recorded (137.813 ± 7.919 mg) for the same race by [@b0015]. However, the average value obtained in the current study was much smaller than the average weight of 165.875 ± 9.791 mg recorded for *A. m. carnica* by the same authors. The mean ovarioles numbers recorded in the current study were relatively smaller than the records of [@b0015] who reported 146.58 ± 13.85 and 156.98 ± 14.89 for the *A.m. jemenitica* and *A. m. carnica* races respectively. The average size of spermathechae was closer to [@b0015] who reported a spermathecae diameter of 1.230 ± 0.055 mm for the same races and also 1.253 ± 0.066 mm for *A. m. carnica* virgin queens. The sizes of right forewings were slightly higher than records of [@b0015] who reported 9.170 ± 0.02 and 3.00 ± 0.02 mm for length and width of right forewing respectively for the same race.

The slight variations observed between the two studies for the same race could be due to the variations in ecotypes of the bees taken from the two study sites. In this regard, the presence of different ecotypes within *A.m. jemenitica* of Arabian Peninsula was well recorded ([@b0020]). In addition, the influence of higher weather temperatures and insufficient nectar and pollen resources on the weight of queens at emergence is well reported ([@b0010]).

Moreover, [@b0015] reported the presence of seasonal variability in live weight of virgin queens of *A. m. jemenitica* and similarly [@b0130] reported seasonal variations in live weight of Bulgarian honey bee (*Apis mellifera macedonica*) queens. Generally, in some of morphometric characters such as: the average live weight of queen at emergence was higher for queens reared under queen less conditions, while for thorax length, width and height of virgin queens reared from queen right colonies were significantly bigger than queens less colonies ([Table 2](#t0010){ref-type="table"}). This indicates, the absence of clear variations in general morphometric characters of queens reared between queen right and queen less colony conditions and it may require further investigations.Table 2Comparison of some morphometric parameters by queen rearing technique.Morphometric parametersQueen rearing techniquesDFt-valueP-valueQueenrightQueen-less(Mean ± SD)Queen weight at emergence(0.136 ± 0.01)(0.141 ± 0.01)12.3020.023Width of head3.35 ± 0.1783.50 ± 0.22313.6130.001Height of thorax4.33 ± 0.1944.24 ± 0.1931−1.2550.035Length of thorax4.65 ± 0.1554.37 ± 0.2391−3.3170.002Width of thorax4.30 ± 0.2274.11 ± 0.1611−4.2700.000

4.2. Biological and morphological characteristics mated queen {#s0105}
-------------------------------------------------------------

The average weight of mated queens recorded in the current study was much smaller than the reports for other races: *A*. m. *ligustica* mated queen (0.221 ± 0.031 g) and Slovenia queens (*A. m. carnica*) 0.208 ± 0.015 g ([@b0130]). The average size of spermathechae (1.25 ± 0.022 mm) obtained in the current study was closer to the values (1.210 ± 0.024--1.270 ± 0.020 mm) recorded for Bulgarian bee (*A. m. macedonica*) mated queens ([@b0130]). In addition, the average weight of ovary recorded in this study was much smaller than the average weight of ovary (0.071 ± 0.011 g) reported for *A. m. carnica* ([@b0130])*.*

The number of stored sperm (4.202 ± 0.613 million) recorded per spermathecae of mated queens was within the range of number of stored sperm (3.30 ± 1.68--4.96 ± 1.14) reported for European evolved bees ([@b0130]). Moreover, the current result of stored semen (3.99 ± 1.504 million)/per spermathecal was within the range of stored semen (0.20--9.03 million) reported by [@b0070] for naturally mated queens from different commercial queen producers. According to [@b0150] study report, the number of stored sperms in 11% of tested queens was less than three million while in 45--64% were more than five million sperm which is slightly higher than the current findings. The numbers of sperms in spermathecae of naturally mated queens reported to vary depending on different circumstances such as mating period weather conditions ([@b0165]), frequency of mating and quality of drones ([@b0115], [@b0250]).

The stored sperm viability percentage obtained in this study was within the normal range of viability (60--90%) recorded by [@b0205] but the current viability result was relatively lower than the viability (97.8%) reported by [@b0095]. Low sperm viability is an important indicative parameter for the low performance of a queen and a colony ([@b0205]) and they found that in good colonies the average viability was 92% where as in other normal and failing colonies the average viabilities of sperm were 57 and 55% respectively. Similarly, the average numbers of ovarioles recorded in this study was relatively fewer than the average number of ovarioles (173 ± 2.48) reported for *A. m. ligustica* and (160.94 ± 14.97) and for Slovenia bees (*A. m. carnica*)*,* ([@b0130]).

Generally, positive correlations were noted among the different reproductive characteristics of the mated queens, however the correlations were not statistically significant ([Table 3](#t0015){ref-type="table"}). The absence of significant correlations between queen weight and ovarioles numbers were also noted by [@b0130]. However, significant positive correlations were observed between numbers of sperms in spermathecae with the size of spermathecae and also the weight of ovarioles with the weight of the queens at P \< 0.05. Similarly, [@b0170] reported the presence of positive correlation between the queens\' weight and the size of spermathecae. Similarly, the presence of significant positive correlation was reported between the average queen weight and ovary weight ([@b0130]).Table 3Correlation between some parameters of naturally mated honeybee queens.VariableBy variableCorrelationCountP-valueSize of spermatica (mm)Weight (gm)0.4385100.2049Weight of spermatica (g)Weight (gm)0.4796100.1607Weight of spermatica (g)Size of spermatica (mm)0.3059100.3901No. of sperms in spermatica (millions)Weight (gm)0.2224100.5368No. of sperms in spermatica (millions)Size of spermatica (mm)0.7308100.0164No. of sperms in spermatica (millions)Weight of spermatica (g)0.4525100.1891Weight of ovarioles (g)Weight (gm)0.7630100.0103Weight of ovarioles (g)Size of spermatica (mm)0.3752100.2854Weight of ovarioles (g)Weight of spermatica (g)0.3534100.3165Weight of ovarioles (g)No. of sperms in spermatica (millions)0.2045100.5710No. of ovariolesWeight (gm)0.4606100.1804No, of ovariolesSize of spermatica (mm)0.0872100.8106No. of ovariolesWeight of spermatica (g)−0.4328100.2116No. of ovariolesNo\# of sperms spermatica (millions)−0.0730100.8411No. of ovariolesWeight of ovarioles (g)0.3132100.3782

4.3. Morphometric and reproductive characteristics of drone {#s0110}
-----------------------------------------------------------

The average weight of drones recorded in this study was smaller than the weights of 0.1945 ± 0.035 g and 0.202 ± 0.053 g recorded for Africanized and European honey bee drones, respectively ([@b0235]). The mean number of sperm per drone (8.80 ± 1.60) × 10^6^ obtained in the current study was lower than the average number of sperm (12.01 ± 0.186) × 10^6^ recorded for *Apis mellifera caucasica* drones in Turkey ([@b0090]). In contrary smaller numbers of 4.6 ± 0.9 and 5.7 ± 0.9 millions of sperms were recorded for Africanized and European honey bee drones respectively ([@b0235]). The drone semen viability percentage of the current study was within the mean percentage of viability of semen (64.2 ± 1.07% (range 36.79--86.66)) recorded for *A. m. ligustica* in Canada ([@b0240]).

5. Conclusion {#s0115}
=============

In general, from the current study it can be concluded that most of the reproductive and morphological values recorded for *A. m. jemenitica* queens and drones are relatively lower than values recorded for other *Apis mellifera* races. These mainly could be associated with the body size of the race which is known as the smallest race among *A. mellifera* races. The smaller body size of the race is considered as an adaptive trait to the prevalence harsh environmental conditions of the region, high temperature, low humidity and limited resources. The information generated in the current study will serve as a bases in future selection and breeding program of the race.
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